The filling and solidification process for melt casting a metallic fuel pin is considered. The problem was analyzed numerically using the commercial finite element software package FIDAP (Fluent, Inc.). Numerical simulations are performed to study process parameters that could impact the solidification of the melt within the mold. A Metallic Fuel Pin mold is a long, thin, straw-like pipe, which has a cylindrical shape. The fluid is a high-temperature melt mixture of Am, Pu, and Zr. which is considered as an incompressible Newtonian fluid. Filling velocities and filling pressures are varied to study what impact these parameters might have on flow and solidification within the melt. 
INTRODUCTION
The United States is embarking on a national program to develop accelerator transmutation of high-level radioactive waste as part of the Transmutation Research Project (TRP) at its national laboratories. Through the TRP Program, the U.S. joins international efforts to evaluate the potential of partitioning and transmutation along with advanced nuclear fuel cycles. Transmutation means nuclear transformation that changes the contents of the nucleus (protons and/or neutrons). The research and development efforts will consider a coupled accelerator and sub-critical multiplying assembly, explore the transmutation of waste from used nuclear fuel, testing of advanced nuclear fuels, and the production of isotopes that may be required for national security and commercial applications.
The TRP program has listed several critical issues in fuel requirements: cladding integrity, fission product retention, and dimensional, chemical, and metallurgical stability during irradiation under both normal and off-normal conditions. One of the potential fuel types is a metallic fuel, which is being developed by Argonne National Laboratory. An important aspect of this program is the development of a casting process by which volatile actinide elements (i.e., americium) can be easily incorporated into metallic fuel pins. The process relies on a traditional casting process using induction heating and quartz glass rods as molds. This process works well for the fabrication of metal fuel pins traditionally composed of alloys of uranium and plutonium, but does not work well when highly volatile actinides are included in the melt. Previous experience with this process indicates that there is the potential for large losses of americium.
The present process relies on a vacuum casting procedure that is briefly overviewed here. The process relies on the use of quartz glass molds: straw-like tubes with one end closed. Quartz glass is used because it will not soften or distort when filled with molten metallic fuel. The feed-stock, which consists of the end pieces chopped from previously cast fuel slugs, leftover fragments from previous casting, rejected slugs, and fresh feedstock (including actinides, Americium, Plutonium and Zirconium), is loaded into the crucible. The feed-stock is inductively heated until it is melted. The mold pallet, which contains the quartz molds, is then positioned above the crucible. When the proper temperature is reached, the system is evacuated by a vacuum pump. The molds are then submerged into the melt, the unit is pressurized, and the molten fuel is injected into the evacuated molds. The casting process takes less than a second. Once filled, the molds are withdrawn from the remaining melt and cooled -producing about a hundred metallic fuel pins -all in one operation.
The americium loss most likely occurs both during the extended time period required to superheat the alloy melt as well as when the chamber must be evacuated. The low vaporpressure actinides, particularly americium, are susceptible to rapid vaporization and transport throughout the casting furnaces, resulting in only a fraction of the charge being incorporated into the fuel pins as desired. This is undesirable both from a materials accountability standpoint as well as from the failure to achieve the objectives of including these actinides in the fuel for transmutation. Americium volatility during fabrication and irradiation, and actinide compatibility with cladding are also very important fuel issues.
The present investigation was undertaken to design and analyze the melt casting of metallic fuel pins incorporating volatile actinides. In order to aid in the solution of this problem, we will perform three tasks. The first step would include studying, analyzing and selecting a new casting furnace design. The results of this task are briefly summarized here. Next, a series of computational models have been developed to assist in the fabrication of a bench-scale furnace design. This system would demonstrate the proposed furnace concept using non-radioactive surrogate materials. Additional analysis work would be conducted during this time to validate the modeling efforts and to support the testing program.
The present paper briefly outlines the casting furnace system design. In addition, it also presents preliminary modeling results for the casting of long slender fuel pins. Figure 1 shows a schematic of the proposed furnace design to cast metallic fuel pins that contain americium. The system consists of an induction skull melter, a crucible cover, "chill" molds, and resistance heaters to control the preheating of the molds. The crucible cover was selected to aid in controlling the transport of americium from the melt. Chill molds were selected over continuous casting to insure proper geometric control, and the resistance heaters were added to insure that preheating of the molds could be controlled to insure the melt will flow into the mold.
SYSTEM DESCRIPTION
Several basic phenomenon exist in the proposed furnace and need to be analyzed. These phenomenon include
• Transport of americium from the melt into the upper regions of the crucible region, • Impact of induction heating on the flow and heating of the melt material, and • The flow of melt into the chill molds.
The present paper addresses this last phenomenon, the flow and heat transfer associated with the melt entering the chill molds. The important physics of this process includes 
NUMERICAL MODEL
The important physics of the mold filling process can be assessed through the analysis of a simplified geometry. Figure 3 shows a schematic of the model, which includes the melt and the mold. The problem can further be simplified through the use of an axisymmetric model. This model will capture all of the significant physics of the problem. The important physics of the problem include the heat transfer into the mold, cooling and solidification rate of the melt, thermal mass of the mold, and the necessary forces to cause the melt to flow into the mold. All of these phenomenon can be captured by an axisymmetric model.
Inlet
The problem will be analyzed numerically through the use of the commercial finite element package FIDAP™. This package is a general purpose heat transfer and fluid mechanics code.
The governing equations for the transient analyses of the melting of the phase change material included the NavierStokes (momentum) equations, the continuity equation, and the energy equation. The Boussinesq approximation was used to model the buoyancy forces. These equations are shown in tensor notation below.
The viscosity is modeled with a temperature dependence to allow for the change from a flow to a no-flow state. The viscosity of the melt is modeled as a fluid, while the viscosity of the solid material is set to a large value to prevent flow from occurring in the solidified material.
At the interface between the solid and the liquid the conditions of equal temperatures between the interfaces and the heat transfer between the phases includes the latent heat release. These two relationships are shown below in equation form.
The condition of a no-slip velocity within the liquid phase is also imposed.
Phase change was modeled through the use of the "slope" method within FIDAP. In general, the slope method uses the slope of the enthalpy-temperature curve to define a specific heat of the material of interest. The enthalpy of a material that changes phase at a temperature T m , is defined as ( ) For pure liquids, phase change occurs at a constant temperature. To approximate this process numerically, the slope method requires the definition of a finite temperature difference over which the phase change occurs. Without defining a small temperature difference, the specific heat determined from the enthalpy-temperature curve is infinite. To numerically implement the relationship shown above for the finite element technique, the following modification is made
where δ * (T-T m , ∆T) has a large but finite value over the temperature range (T m -∆T/2) to (T m -∆T/2) and is zero outside this range. The use of this "artificial" specific heat allows for the correct amount of energy removal to occur from an element before it is considered to be a solid. Physically, the total energy transfer required for phase change is correct.
Conduction within the solid (mold) required the solution of the conduction equation, which is shown below.
At the interface between the solid (metal) and the adjacent PCM the conditions of energy conservation is required. The interface temperature does not have to match identically because a convective heat transfer relationship is used to model the interface between the melt and the mold. This technique is commonly used in casting analyses.
The interface between the melt and solidified material must meet the requirement of energy conservation as well. The relationship governing the energy transfer across this interface is shown below.
The Volume of Fluid (VOF) approach was used to model the flow of the melt into the fuel rod region. Complete details of this technique can be found in the FIDAP User's Manual.
NUMERICAL RESULTS
Two types of analyses were conducted to gain more insight to the flow and solidification process. The first considers the mold to be filled with molten material. The inlet boundary condition can be either constant velocity, or a constant pressure condition. This type of analysis gives insight into the time scales one must consider for the solidification of the melt once it is in the mold. The second set of analyses considered the filling of the mold. Future work will include the filling and solidification of the mold at the same time. Figure 4 shows the heat up of the mold as a function of time. The heat capacity of the mold is much greater than the heat capacity of the molten material. The mold material is assumed to have properties similar to that of copper. The intent of the modeling is to assist in the design of the molds from a materials property standpoint and from a structural standpoint. The mold must be able to maintain its shape without warping while the melt solidifies. The flow starts of nearly in a plug flow shape, slowly moves to more of a parabolic shape, and the remains nearly parabolic as the total flow decreases as the melt solidifies towards the center of the geometry. Figure 6 presents the flow field for a higher heat transfer coefficient for the same inlet pressure. Increasing the heat transfer decreases the peak velocity experienced during the flow and solidification of the melt. The actual heat transfer rates between the mold and the melt are not known for the present concept because no experimental tests exist on the particular melt mold interface. Therefore, the impact of this parameter is studied and analyzed. The impact of injection pressure can also be studied as shown in Figure 7 . The results here are for an injection pressure at nearly 4 atmospheres. The mold temperature is also lower. The peak velocity is 1-2 orders of magnitude larger. The impact of the heat transfer on melt solidification can be found in Figure 8 . This figure reports the location of the solidification front as the flow solidifies. The distance is the radial distance from the centerline of the solidification front. Some of the material quickly solidifies by the wall, then continues to solidify slowly until the radius becomes small. Once the diameter becomes roughly 25 percent of the outer diameter, the flow quickly solidifies and stops. Slow cooling occurs after this time. The second portion of this research work involves the detailed analysis of the filling of the mold by the melt. Figure 9 shows flow field results for the free surface filling of the mold. The Volume of Fluid (VOF) technique is used to simulate the flow entering the mold. Present research efforts include the coupled analysis of filling and solidification. 
SUMMARY
Numerical modeling results are presented and discussed for the injection casting of molten metal into a long slender mold. The molds have a radius of 4 mm and a length of 0.5 m. The analysis considered the flow of melt through such a mold and analyzed the solidification of the melt as a transient flow problem. Results included the
